Introduction We evaluated the prognostic accuracy of LN variables (N0/N1), numbers of positive lymph nodes (PLN), and lymph node ratio (LNR) in the context of the total number of examined lymph nodes (ELN). Methods Patients from SEER and a single institution (MGH) were reviewed and survival analyses performed in subgroups based on numbers of ELN to calculate excess risk of death (hazard ratio, HR). Results In SEER and MGH, higher numbers of ELN improved the overall survival for N0 patients. The prognostic significance (N0/N1) and PLN were too variable as the importance of a single PLN depended on the total number of LN dissected. LNR consistently correlated with survival once a certain number of lymph nodes were dissected (≥13 in SEER and ≥17 in the MGH dataset). Conclusions Better survival for N0 patients with increasing ELN likely represents improved staging. PLN have some predictive value but the ELN strongly influence their impact on survival, suggesting the need for a ratio-based classification. LNR strongly correlates with outcome provided that a certain number of lymph nodes is evaluated, suggesting that the prognostic accuracy of any LN variable depends on the total number of ELN.
Introduction
Pancreatic cancer is the 14th most common cancer in the US, yet it accounts for the fourth highest mortality rate. In 2010, over 43,000 new cases were diagnosed, 39,000 of whom would die of their disease. 1 Tumor size, chemotherapy, and curative resection are among the prognostic factors identified in predicting outcome.
2 -5 The status of nodal metastasis has consistently been evaluated as one of the strongest measures of outcome .
6 -9 Presently, lymph nodes are classified in the AJCC staging system as "N0: No regional lymph nodes" or "N1: Regional lymph node involvement" 3 ; however, debate continues over whether this, absolute numbers of positive lymph nodes (PLN), or lymph node ratios (LNR) have the best prognostic value. Recent reports have established the role of LNR in the prediction of outcomes after curative intent surgery. [10] [11] [12] [13] LNR is the ratio between the numbers of positive and examined lymph nodes (ELN). Node ratio has been suggested as a tool to predict outcome in cancers of the esophagus, 14 stomach, 15 ampulla of Vater, 16, 17 colon, 18 and even non-GI cancers such as breast 19 and melanoma. 20 However, some authors have suggested that absolute numbers of PLN are an independent [21] [22] and better predictor 23 of survival than LNR. These studies have varied across numbers of patients, numbers of ELN, and setting of study (populationwide or specialized single-institution databases).
The objective of the present study is twofold: (1) to evaluate the prognostic efficiency of LNR against numbers of PLN using a large population-based dataset and then validate our findings in a large single-institution database and (2) to evaluate the effect of the number of ELN on the prognostic capability of these lymph node variables.
Methods
The SEER national dataset of the National Cancer Institute and the tumor registry of a large single institution (MGH), an academic referral center, were queried for data on patients with pancreatic cancer. From SEER, de-identified data on 127,760 patients was retrieved from 1973 to 2009. This data was filtered for patients diagnosed after 1988, when detailed diagnostic codes were introduced with the Extent of Disease (EOD)-10 coding scheme. Similarly, from the MGH tumor registry, data was obtained on 3,496 patients with pancreatic cancer between 1988 and 2009. Of these, patients were included if they underwent a resection for pancreatic adenocarcinoma. The definitions for adenocarcinoma were derived from the third edition of the International Classification of Diseases for Oncology (ICD-O-3). Patients with unspecified neoplasms (ICD 8000-8009), cystic, mucinous or serous tumors (ICD 8440-8449), and mucoepidermoid tumors (ICD 8430-8439) were excluded from analysis.
The clinicopathological data collected included age at diagnosis; sex; year of diagnosis; AJCC T, N and M stages; primary site; grade; regional lymph nodes examined (ELN) and regional lymph nodes positive (PLN); and vital status. The LNR was calculated by dividing the numbers of regional PLN by the number of examined LNs when at least one lymph node was examined. The Social Security Death Index (SSDI), the Massachusetts Registry of Vital Records and Statistics, and the institutional Research Patient Data Registry (RPDR) were used to accurately calculate vital status, cause of death, and survival time for every patient. After applying all inclusion and exclusion criteria, 14,907 patients in SEER and 902 patients in the MGH tumor registry were included in this study.
Continuous Variables were Binned in Order to Analyze Data
Continuous variables such as tumor size, lymph node variables (ELN, PLN, and LNR), and year of diagnosis were binned or categorized. To determine the most appropriate subgroups for these LN variables, cut points were analyzed using log-rank tests of Kaplan-Meier survival curves. Cut point analysis has been utilized previously to identify subgroups for LNR 20, 24 in large datasets. This analysis was done in order to find the greatest difference in survival and the lowest p value between the resultant subgroups. In the final analysis, lymph node variables (ELN, PLN, and LNR) were analyzed as both continuous and categorical. Using the above method, the SEER database was divided into subgroups with few (≤5), moderate (6) (7) (8) (9) (10) (11) (12) , and large (≥13) LNs examined. In the MGH dataset, cut point analysis based on examined LN could not identify subgroups with survival differences. Therefore, these patients were divided into three equal groups based on numbers of patients. The corresponding cut points derived were few (≤9), moderate (10) (11) (12) (13) (14) (15) (16) , and large (≥17) lymph nodes examined. In each dataset, the subgroups that were formed by numbers of ELN were labeled as 'few,' 'moderate,' and 'large.' Age at diagnosis was split into two groups by median age. The subgroups that resulted from this binning are shown in Table 1 .
Statistical Analysis
Means and medians were calculated for age at diagnosis, tumor size, regional LNs examined, regional PLN, and LNR. These were compared by a one-way ANOVA across the LN subgroups. Comparison of distribution of patients across lymph node subgroups for categorical variables such as sex, race/ethnicity, primary site, stage, and grade was done using Pearson's χ 2 test. Survival analysis across both datasets was initially performed using KM survival curves and log-rank tests were used to determine significance. Clinicopathological variables were then factored into the 18 The Cox model for SEER and MGH was run in two steps. For each dataset, the model first factored in PLN and then the grouped LNR. We first tested our hypothesis on the SEER patients and then validated it on the MGH institutional dataset. The HR for each lymph node parameter from both patient populations has been summarized indicating relative risk of mortality in relation to that for the reference category. For all statistical tests, p<0.05 was required for significance.
Results

Demographic and Tumor Characteristics of the Study Populations
In the SEER dataset, 14,907 cases were identified for analysis. When this population was divided into LN subgroups, 46 % had few (≤5 LNs), 29 % had moderate (6-12 LNs), and 25 % had large (≥13 LNs) examined LNs ( Table 2 ). The group with more than 13 lymph nodes examined was more likely to have tumors of the head of the pancreas, higher AJCC stage, and more frequently diagnosed after 2004 compared with the fewer than five lymph nodes group. This group was also more likely to have smaller tumors and a lower mean LNR. There were no differences between LN subgroups with respect to the race and gender of patients. In the MGH dataset, 902 patients were identified (Table 3) ; one-third of these were in each subgroup of analysis. Comparison of these groups revealed that the group of large (≥17) lymph nodes examined were diagnosed in more recent years, had a higher percentage of tumors in the head of pancreas, and had more advanced T stages (T3 and T4) but trended towards smaller tumors, mirroring the patients in the SEER population.
Node Status and the Lymph Node Ratio are Influenced by the Total Lymph Nodes Harvested
Total number of LNs examined affects N1 status. In SEER, 14,907 patients had complete LN information. The median number of nodes examined was eight. The number of total LNs harvested directly correlated with the percentage of N1 patients. In the group with few (≤5) LNs examined, 44 % were N1, compared to the group with large (≥13) LNs examined, in which 69 % patients were N1 (Table 2 ). In the MGH dataset, 902 patients had complete LN information, with a median of 13 lymph nodes examined. As in SEER, the number of patients found to be N1 increased stepwise with the number of LNs examined: 54 % were found to be N1 when few (≤9) LNs were examined, 60 % with moderate (10-16) LNs examined, and 73 % in the large subgroup of (≥17) LNs examined (Table 3) . Not too surprisingly, the numbers of LNs evaluated also affected the LNR. In SEER, there was an inverse relationship between examined LNs and LNR. The mean LNR for the subgroup with few (≤5) LNs was 0.27, for moderate (6-12) LNs was 0.17, and in the large subgroup (≥13 LNs) was 0.15 ( Table 2 ). In the MGH patients, the mean LNR showed a similar decrease with increasing numbers of LNs. The LN subgroups few (≤9), moderate (10) (11) (12) (13) (14) (15) (16) , and large (≥17) had mean LNR of 0.22, 0.14, and 0.13 respectively (Table 3 ).
Increasing Number of Examined Lymph Nodes Improves Survival in the N0 Cohort and has a Variable Effect on Survival of N1 Patients
In SEER, there was a significant difference in the median overall survival between N0 and N1 patients (22 months vs.
14 months, p<0.001). When this survival was stratified between different LN subgroups within the N0 patients, significantly better median overall survival was observed when more LNs were examined (Fig. 1a) . Median survival was 16 months, 23 months, and 28 months, respectively, when few (≤5), moderate (6) (7) (8) (9) (10) (11) (12) , or large (≥13) LNs were examined (p<0.001). In a similar analysis of the MGH patients, overall survival for N0 patients was 37 months and for N1 patients, it was 17 months (p<0.001). Within the N0 patient population, there was a trend for better survival in the groups where more LN were evaluated and the median survival was 33 months, 38 months, and 37 months in few (≤9), moderate (10) (11) (12) (13) (14) (15) (16) , and large (≥17) LN subgroups, respectively. The overall survival for the moderate and large subgroups was significantly longer than the few subgroups of examined LNs, p<0.05. (Fig. 1b) .
The total number of LNs can also affect survival in nodepositive patients. In the SEER dataset, among patients who were N1, a statistically significant improvement in survival was seen (11 months, 14 months, and 16 months, p<0.001) when progressively higher numbers (≤5, 6-12, and ≥13) of LNs were examined (Fig. 1c) . Thus, the absolute number of LNs evaluated affects both nodal status and survival and may also introduce biases that alter the prognostic value of 
Absolute Numbers of PLN Variably Predict Survival in N1 Patients
In the SEER population when PLN were modeled as a continuous variable, every positive node was responsible for a 5 % reduction in overall survival (HR 1.056, CI 1.04-1.06), and in the MGH dataset, every PLN was responsible for an 8 % reduction in overall survival (HR 1.08, CI 1.05-1.12). PLN were then evaluated within subgroups of the number of LN evaluated. Using the Cox multivariate model, the effect of PLN across LN subgroups was analyzed (Table 4 ). In the SEER subgroup in which few LNs were evaluated, PLN did not predict a decrease in N0 patients (a and b) , the number of examined LNs positively correlated with survival. In SEER (a), patients with ≥13 LNs had better survival compared to those with ≤5 LNs (28 months vs. 18 months). In the MGH (b), patients with ≥17 LNs trended towards a better survival (37 months) than patients with ≤9 LNs (33 months), p00.63. Among the N1 patients (c and d), the numbers of lymph nodes examined exert a variable effect on overall survival. In the SEER population (c), higher LNs examined improved survival (≥13LNs 16 months vs. ≤5 LNs 11 months, p<0.001) but this effect did not extend to the MGH patients (d) In the MGH patients, multivariate analysis revealed that PLN had a variable predictive value. In the subgroup where few numbers of LNs were examined, there was a linear correlation between risk of death and increasing PLN (HR 1.56, 1.72, and 2.54) with increasing statistical significance (one PLN, p 00.058; two PLN, p00.028; and three PLN, p<0.001), respectively. In the subgroup with moderate numbers of LNs (10-16 LNs) examined, increased risk of death was seen with two or more PLN but this association was not linear. Two PLN increased the risk of death by 147 %, HR: 2.47, p<0.001, while three PLN increased the risk by 103 %, HR: 2.03, p<0.001. In the large examined LN subgroup, three PLN were needed to cause a statistically significant decrease in survival of the N1 population with a HR of 2.36, p00.002. As seen in the SEER data, the contribution of a PLN to prognosis depends both on the number of PLN and LNs evaluated. Furthermore, the hazard associated with a single LN decreases as the number of LNs evaluated increases. Thus relying on the PLN may introduce a bias of adding too much or too little value to a solitary positive LN (N1) when the total number of LNs harvested is not taken into consideration.
The effect of the total number of LNs on the predictive power of PLN is seen both in the SEER and MGH datasets. Analysis reveals that a minimum number of LNs must be evaluated in order for PLN to have any predictive value. However, the predictive value of a single LN decreases as the evaluated examined LN number increases. Thus, the absolute number of LNs evaluated substantially alters the significance and strength of association of PLN with outcome (Table 4) , which speaks to the need of a ratio-based analysis of LN positivity.
Lymph Node Ratios Constitute a Strong Predictive Factor in Survival, Once a Minimum Number of Lymph Nodes Has Been Examined
In both patient populations, increasing LNR was associated with significantly poor survival by univariate analysis. In SEER, for every increment in LNR (<0.2, 0.2-0.3, and ≥0.3) , there was a corresponding decrease in overall survival. Using the Cox multivariate model for SEER (Table 4) , in the few LN subgroup (≤5 LNs), LNR was not able to predict survival. However, in the moderate (6-12 LNs) and large (≥13LNs) subgroups, LNR consistently predicted survival. For the moderate and large subgroups of LNs examined, the HR increased linearly for LNR <0.20, 0.20-0.30, and ≥0.30, respectively.
The MGH data similarly revealed that LNR were predictive of survival in the moderate (10-16) and large (≥17) groups of examined LNs (Table 4 ). In the lower (≤9) examined LN group, however, only LNR≥0.3 was associated with a significant risk of death of 107 % (HR 2.07, p0 0.001). LNR has a statistically significant predictive value in survival across both datasets, and this risk was linear in the SEER dataset. However, the ability of LNR to predict outcome was absent in the 'few' subgroups of examined LN, suggesting that a minimum number of LNs must be evaluated in order for any lymph node variable to contribute to the prognostic equation.
Discussion
LN variables remain one of the most important predictors of survival. However, both LNR and PLN are imperfect as the sole predictor. The numbers of LNs examined are a significant modifier of the effect of PLN and LNR on survival; this study evaluates the impact of PLN, LNR, and changing numbers of LNs evaluated on overall survival in pancreatic cancer over two different populations. The numbers of LNs evaluated are an important determinant of N status and LNR. Additionally, when higher numbers of LNs are evaluated, there is an improvement in survival of N0 patients and, depending on the dataset, a variable effect on N1 patients. PLN have a significant effect on survival but the predictive value and the strength of prediction of PLN are dependent on the number of LNs evaluated. The LNR, which normalizes for the number of evaluated LN, takes away this variability. In this study, LNR were a better predictor of outcome; however, their interpretation is still dependent on evaluated LNs, as they are ineffective below a certain number, and there is an association between higher LNR and increasing risk of death when large numbers of LNs have been evaluated. What remains clear is that the total number of LN affects, albeit differently, the prognostic accuracy of either LN variable (PLN vs. LNR).
In this study, it was noted that increasing examined LNs are associated with an increase in the percentage of N1 patients. This, in conjunction with previous studies, 25, 26 forms a body of evidence that nodal staging is influenced by the number of LNs evaluated. Pavlidis et al demonstrated in a review of many articles that 70 % of patients with PDAC presented with positive nodes, 27 and in our datasets, a similar number was achieved only in the large subgroups of examined LN. This suggests that the accuracy of nodal staging is critically dependent on the number of LNs examined and that examining fewer LNs may result in a misclassification bias where N1 patients are understaged as N0. When looking at the SEER and MGH datasets, 70 % of patients were found to have N1 status when at least 13 LNs (SEER) and 16 LNs (MGH) were evaluated, suggesting the exact number may depend on the dataset used to calculate it. Our analysis suggests that the number of ELN needed for accurate staging likely lies above 13-16 LNs.
In this era of minimally invasive surgery, pancreatic resections for adenocarcinoma are increasingly being performed using laparoscopic pancreaticoduodenectomy and distal pancreatectomy. A major concern with laparoscopic pancreatic resections has been the adequacy of the number of ELN. Recently published studies analyzing laparoscopic pancreatectomy have reported numbers of ELN ranging between 14 and 18. [28] [29] [30] These are similar to numbers reported from contemporary series of pancreatic resections utilizing the open approach. However, data from larger studies may be needed before any firm conclusions can be established regarding the adequacy of lymph node staging in laparoscopic pancreatic resections.
In addition to staging, examined LNs also play a role in determining survival. The link between improved survival and examining more LNs has been observed in pancreatic cancer 11, 31, 32 and this effect may be linked to more accurate staging. In both datasets that were evaluated in this study, there was an improved survival noted for N0 patients in the successively higher subgroups of examined LNs. Thus, ELN are an important statistical confounder in the analysis of survival, likely resulting from misclassification biases.
There has also been considerable discussion about the influence of harvesting additional lymph nodes on survival of N1 patients in pancreatic cancer. Japanese studies 33, 34 had previously recommended extensive lymph node removal; however, randomized trials that attempted to validate these studies failed to show a similar benefit to survival. 35, 36 At least one multicenter, a prospective trial from Padua, Italy, demonstrated a trend towards better survival in nodepositive patients with extended rather than standard lymphadenectomy. 37 Our study demonstrated equally variable results, and although an improved median survival was seen for N1 patients in the SEER population when more LNs were examined, no such correlation was identified in the MGH dataset. This difference may potentially be explained by the heterogeneity of the SEER tumor registries and by the lack of control of pathologic variables in the SEER dataset. The examination of lymph nodes may indirectly have been linked with standard of care, possibly introducing a confounding bias. The differences in survival and the biases introduced with different numbers of examined LNs underscore the importance of analyzing the positive lymph node variables (PLN and LNR) in subsets of examined LNs.
The effect of PLN on survival can best be characterized as variable. When modeled as a continuous variable, every positive node predicts an added risk to survival. However, when they are compartmentalized by the number of examined LNs, PLN appear to be a very heterogeneous predictor of survival. When very few lymph nodes are examined, PLN are unable to tease out differences in HRs and the number of PLN likely has a weaker correlation with the true extent of nodal disease and hence survival. The fluctuation in hazard exerted by PLN in different LN subgroups further highlights the effect that examined LNs have on the prognostic ability of PLN.
In a retrospective study from Japan, Murakami et al. 23 concluded that PLN not only predict survival but are also better at doing so compared to LNR. The median number of examined LNs in their study was 28, significantly higher in relation to contemporary studies from the US and Germany. This study did not find a prognostic value for LNR. It is possible that in their study, a median LNR of 0.10, combined with the cut-off points chosen by them (0, 0.10, and 0.20) may have been too fine to delineate differences in survival. In our own datasets, the prognostic ability of PLN is significantly improved in the large subgroups of ELN. However, we were unable to find it a superior LN variable when compared to LNR. In comparison to the numbers of PLN, LNR appears to be less influenced by biases of number of nodes examined. In the moderate and large examined LN subgroups, it never loses statistical significance. Further, the greater range in HR compared to PLN within a given dataset indicates that LNR is able to capture populations that PLN do not. Our study, along with previously published single institution analyses by Pawlik, 11 Riediger, 21 and Bhatti, 38 examining the status of LNR in prediction models of pancreatic cancer, concludes that LNR are a more accurate predictor of survival than absolute numbers of positive LNs. In an analysis of a larger population-based dataset, Slidell 32 concluded that LNR may predict survival better than the N0/N1 of the AJCC. Our study expands on the inferences drawn in these studies by critically examining the relationship between nodes harvested, PLN and LNR.
A large patient population combined with the internal validation provided by two datasets makes this a useful analysis of LN variables and survival. However, there are certain limitations that this study faces. These limitations stem from the heterogeneity of the SEER population and a lack of pathology-specific covariates such as perineural invasion, vascular invasion, tumor differentiation, margin status, and details of pathologic techniques used to examine LNs. The effect that these variables have on outcome may obfuscate that of the other LN parameters.
Our combined n of 15,809 across two datasets makes it one of the largest series that analyze LN variables and survival. The attempt to compare and contrast our findings in both a larger population and a smaller but more homogeneous and specialized institutional dataset allows us to better understand the biases surrounding LN variables and survival.
Conclusion and Practice Implications
Three LN variables have been proposed to predict outcome in pancreatic cancer, N0/N1, PLN and LNR. The ability of any of these LN variables to accurately predict survival in pancreatic cancer is dependent on the absolute numbers of LN evaluated. N0/N1 prediction is dependent on a minimum number of LNs that must be harvested in order to remove misclassification biases, which in turn hinder the lymph node variables from accurately predicting survival. The ability of positive LNs to accurately predict survival is limited but increases in strength with examined LNs. LNR appears to be a better outcome measure than PLN; however, LNR is also subject to biases introduced by number of LNs evaluated. The prognostic accuracy of any lymph node parameter is dependent first and foremost on a sufficient number of total lymph nodes evaluated.
This study suggests two relevant clinical practice implications. First, a minimum of 13-16 lymph nodes must be examined. The threshold, once crossed, not only allows accurate nodal staging, but also enables any LN variable (PLN and LNR) to be highly predictive of survival. Second, among the LN variables, LNR, rather than PLN, should be used in predicting outcome.
